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Atoms on demand: Fast, deterministic production of single Cr atoms
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We have realized a method for producing single Cr atoms on demand by suppressing the stochastic
nature of the loading and loss processes of a magneto-optic trap. We observe single-atom trap
occupation probabilities as high as (98.0.1)% and demonstrate ejection with greater than 90%
efficiency at rates up to 10 Hz. Monte Carlo simulations agree well with extraction measurements
and are used to predict ultimate performance. Such a deterministic atom source has potential
applications in nanotechnology, quantum information processing, and fundamental quantum
investigations. ©2003 American Institute of Physic§DOI: 10.1063/1.1572539

Recently, there has been an explosion of research involelose to unity. The fast response of this dynamic control to
ing single atoms, ions, and molecules in diverse areas sud@my perturbation in the trap atom number permits rapid, de-
as nanotechnology, molecular spectroscopy, quantum infoterministic (e.g., periodig extraction of single atoms.
mation processing, and quantum electrodynamics. While A schematic of our experiment is shown in Figal A
these studies originate from distinct disciplines, such as eleccr MOT®® is formed by six laser beams provided by a UV-
tronics, chemistry, and fundamental quantum physics, thepumped stilbene-3 dye laser tuned just below &g P}
all share a common thread in that they examine developingransition in Cr at 425.6 nrfsee Fig. 1b)]. Two repumping
science and technologies that can be addressed by isolatifigser beams at 649.2 and 658.3 nm, provided by grating-
and interacting with single quantum entities. Key to the ad-tabilized diode lasers, are used to eliminate trap losses by
vancement of this type of research is the development ofpontaneous decay to the metastable and°D, levels, re-
techniques to controllably produce these isolated quanturgpectively. The MOT diameter is on the order of 26, and
objects. To date, the methods employed have relied on crehe lifetime ranges from 1 to 5 s, depending primarily on the
ating a sparse, random ensemble and then either hunting fetability of the repumping lasers. Although the MOT tem-
a single particlge.g., on a surfaggor waiting until a single  perature is unmeasured, we presume it is at or below the Cr
particle is captured randomly. With the present work, weDoppler temperature of 126K.'° Cr atoms are produced by
overcome the obstacles imposed by this randomness by deran evaporator located 370 mm below the MOT center and
onstrating a source in which a single, cold 120 uK) atom  maintained at a temperature between 1200 and 1400 °C, de-
is available in a small volume~10"'*m°) essentially pending on the desired loading rate. The techniques for the
whenever it is needed. fast control over loading and dumping are described in Fig.

Our realization of a fast, single-atom source makes use@. The vacuum system containing the MOT consists of an
of laser-atom manipulation technigues, in which atoms camon-pumped central chambépressure typically (0.5—1.0)
be trapped and cooled to microkelvin temperatures anck 10~ Pa] and two reentrant flanges with water-cooled anti-
below." Such techniques have previously been used to obHeimoltz magnetic  coils [estimated field gradient
serve single atoms in a magneto-optical tt&0T)*"*and  (0.75-0.85) T/m]. To reduce detection of scattered light, the
transport them controllably once they have been tragfed. MOT laser beams are introduced through antireflection-
These methods have also been used in conjunction witBoated viewports located on long arms and tilted 5° off nor-
collisionally-related loss processes of an optical-dipole tragnal to direct any retroreflected light onto blackened, cone-
to increase the maximum single-atom occupation probabilitshaped baffles in the arms. Fluorescent light from the MOT
from 0.37(set by Poissonian statistice 0.50! is collected through a reentrant viewport with a solid angle

The present work uses a MOT as the source of atomsf 0.2 steradians and imaged at 4with a pair of achromatic
but differs significantly from previous single-atom studies indgouplet lenses onto a 0.2-mm diameter aperture. After pass-
that we actively suppress nearly all of the stochasticity inherTng through these optics and an optical bandpass filter cen-
ent in the load and loss processes of a MOT. Using hightereq at 425 nnicombined transmissios 40%), the light is
efficiency fluorescence detection to determine the number qietected with~ 16% quantum efficiency by a low-dark-
atoms in the trap, we employ feedback to maintain single¢oynt single-photon-counting photomultiplier with a Na—K
atom occupation by turning off the loading when one atom issnotocathode. The resulting pulses are then averaged by an
detected, and dumping the trap if more than one atom i%nalog ratemeter with variable time constant.
observed. These two feedback mechanisms suppress th_e ran- a figure of merit describing the low-extraction-rate per-
dom fluctuations in MOT atom number to the point at which formance of our feedback-controlled MOT is the probability
the single-atom occupation probability is maintained qwtepl of finding a single atom in the trap over some period of
time. Generally speaking, we can Wrif& = 7gjngie/ ( Tsingle
dElectronic mail: jabez.mcclelland@nist.gov + Tred » Wherergngeis the average time spent with one atom
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FIG. 2. MOT fluorescencéa) Time series with feedback offb) time series

with feedback on(c) histogram of data irfa) with 100-s accumulation time;

and (d) histogram of data inb) with 200-s accumulation time. Without
feedback, clear steps are seen as atoms enter and leave the trap randomly.
With feedback the fluorescence is nearly constant at the one-atom level.
(Note that a much smaller load rate and a longer ratemeter time constant
were used in the no-feedback case.

FIG. 1. (a) Schematic of the experiment. A MOT is formed by six beams Measurements_ OP1, Rigads Rstrayv_and Tmot Were car-
(two axial beams not showrirom the MOT laser. Two repump lasers pre- ried out by analyzing fluorescence time series typically ac-

vent trap loss to the metastalﬂBg, and 5D4 levels. MOT fluorescence is cumulated over 200 @1 was obtained by d|v|d|ng the total

detected by a photomultipliéPMT), and then integrated and analyzed by a time spent in the single-atom state by the run tiﬁ%@ was
ratemeter-comparator that generates load and dump gates based on preset ad

thresholds. Line-of-sight loading from a Cr evaporator is blocked. Instead,'T":«'as'l»‘'jefj by examining every |Oadi.ng event dur!ng arunand
Cr atoms are deflected, collimated, and optically pumped into the metastabldetermining the average length of time the loading gate was

°s, state via a pump laser tuned to tf&— P transition. When loadingis  on before a single atom was loaddRy,,, was estimated by

desired, the’S, atoms are optically pumped back to the ground state by a ; : ;
load laser gated with an acousto-optic modulatd©M). The MOT is measuring the mean time interval between MOT dumps that

dumped by either of two methodél) momentarily (~1 ms) shifting the ~ WEr€ triggered by t_he stray Io_ading of a second _atﬁ’m)T _
MOT laser frequency slightly above resonance(®rbriefly (~5 ms) puls- ~was measured by first determining the average time spent in

ing the MOT magnetic field off while simultaneously blocking one MOT the single atom Statesingle, and then using the relationship
laser beam with a Pockels céPC). (b) Energy levels of CKnot to scalg _ /-1 R -1
TMOT— (Tsingle_ stray -

showing laser transitions used for loading, pumping, trapping, and repump- . . . .
ing. Figure 2 shows typical MOT fluorescence time-series

measurements. Without feedback, atoms are stochastically

loaded and lost from the trap, resulting in a random walk in
in the MOT, andr, is the average time required for the poT occupation numbelFig. 2a)]. With feedback control,
feedback control to “recover” the stable single-atom statethe MOT fluorescence is essentially constant at the single-
following a loss or other perturbation. The two timegge  atom level, with occasional fast dips to the background level
and 7., are each determined by several time constants reand spikes to the two-atom leVigfig. 2(b)]. Histograms cor-
lated to the dynamics of the MOT and control loeggeis ~ responding to these two cases are shown in Figs. @nd
predominantly governed by the intrinsic MOT loss lifetime 2(d). The feedback-on data in Figs(b2 and 2d) is repre-
TMOT » but is reduced because of dump|ng events triggereéentative of the behavior under near-optimal conditions for
when a second atom is accidentally loaded despite feedba@¥l €xperimental configuration, and corresponds to a prob-
control. The two Poisson processes for trap loss and stragPility Py of finding a single atom in the trap of (98.7

: . ; +0.1)% M
loading (at a mean rate oR combine to givery . S

,1g ( o1 stray . 1€ 10 gIV€Tsingle To be a viable deterministic atom source, our feedback-
=(Tvort Rstray ~- The recovery timer,is in fact a com-

DL . . controlled MOT must have a single atom available with high
posite time dominated by the longest of three time scé#ps: d d

. v ) probability while being continuously disrupted by the extrac-
the inverse of the MOT load rat®.,q; (b) the averaging o process. To investigate this, we measured the response

time used to measure the MOT fluorescence; &ndthe  of gyr feedback-controlled MOT to periodic dumping which

loading time delayr,g, which characterizes the time to fully gjects the contents at some fixed rate. We plot in Fig. 3 the
cool and trap an atom once it enters the MOT capture regiorfraction of these intentional dump events that occur when
Depending on the specific operating conditions of the MOTonly one atom is present. As expected, the single-atom ejec-
any of these time scales may dominatg and thereford®; . tion probability agrees with the measured single-atom occu-
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scenario, simulations suggest that wiR),,=3333 51,
single atoms can be extracted with 99% certainty at a rate of
400 Hz. Sincer|,y becomes the limiting time scale in this
scenario, it is interesting to note that setting,=0 in the
simulation allows single-atom extraction rates as high as
10* Hz with 99% certainty.
With these experiments, we have shown that a single
atom can be made available with high confidence essentially
ool = whenever it is required. The next step is to reliably transfer
Ejection rate (Hz) the atom to a specific experiment. Several options exist for
this purpose, including ejection with light pressure, capturing
FIG. 3. Single-atom ejection probability vs ejection rate fByq and transferring the atom with optical tweezézrszr photo-

=54.8-60.6 5!, 7yor=1.8104.6s, andr,,=3.5-5.3 ms. Black circles . . . . . .
indicate measurements, and the upper and lower solid lines define the uppleqmza‘tlon followed by electrostatic extraction. With further

and lower bounds of Monte Carlo simulations encompassing variations if€search, any of these could in principle be used in conjunc-
experimental conditions. Uncertainties, estimated by combining in quadration with our source to rapidly provide a large but precise

ture the standard deviations associated with the measurement uncertainty, mper of single atoms on demand to an experiment or de-

and the statistical sampling uncertainty, are smaller than the plotting sym- . . . . .
bols. P v PITINg SMice for which isolated quantum objects are desired.

Single-atom ejection probability
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